ABSTRACT We investigated pulmonary mechanics in 25 patients, 9 to 55 years of age, with a variety of generalised neuromuscular diseases and variable degrees of respiratory muscle weakness. The average degree of inspiratory muscle force was 39 2 % (range 8-83 %) of predicted. The lung volume restriction far exceeded that expected for the degree of muscle weakness: the observed decrement in respiratory muscle force should, theoretically, decrease vital capacity to 78 % of its control value, while the mean VC in our patients was only 500% of predicted. Analysis of lung pressure-volume curves indicated that the two principal causes of the disproportionate loss of lung volume were a reduction in lung distensibility probably caused by widespread microatelectasis, and a decrease in the outward pull of the chest wall. Because it reflects both direct (loss of distending pressure) and secondary (alterations in the elastic properties of the lungs and chest wall) effects of respiratory muscle weakness on lung function, we conclude that, in these patients, the vital capacity remains the most useful measurement to follow evolution of the disease process or response to treatment.
Respiratory muscle weakness is a frequent occu.rrence in many neuromuscular diseases. Although it is well established that weakness of the respiratory muscles produces a restrictive ventillatory defect, the precise relationship between the degree of, muscle weakness and the type of lung dysfuncotion is still unclear. In particular, there is disagreement as to whether the resting end-expiratory position decreases,'-4 increases,5 or remains unchanged.(-8 Similarly, some inve.stigators have reported no change in residual volume,2 3 9 while a majority of studies have found an increase in this volume.5-8 An additional proble4m concerns the loss of inspiratory capacity associated with the impairment of inspiratory muscle function. Indeed, because of the shape of the maximal static pressure-volume curves of the respiratory system, a large degree of respiratory muscle weakness would be predicted to have only a moderate effect on lung volume. However, recent data suggest that, in patients with respiratory muscle weakness, the relationship between loss of respiratory muscle force and loss of lung volume is not always predictable, in that the decrease in lung volume is often disproportionate to the loss of muscle force.2 10 Similar findings have been made in normal volunteers in whom acute weakness of the respiratory muscles produced by partial curarisation was accompanied by large changes in lung volume, changes that far exceeded the predictions of the effects of muscle weakness on lung volume." ' We recently investigated pulmonary mechanics in 25 patients with a variety of generalised neuromuscular disorders and a wide range of respiratory muscle performance. The three main purposes of the present report are: (1) to delineate the pattern of pulmonary function associated with respiratory muscle weakness; (2) to evaluate the lung volume restriction associated with a chronic involvement of the respiratory muscles, with particular emphasis on the relationship between loss of respiratory muscle strength and loss of lung volume; and (3) Statilc expiratory 'lung icompliance was markedly decreased in our patients. Most clearly, this reduction far exceeded the effects that could result from the only difference in lung volume history, and values o-f compliance obtained during inflation were also reduced. This implies that patients with a longstanding involvement of the respiratory muscles have alterations in the elastic properties of the lung. Indeed, if the loss of distending pressure were the only effect of muscle weakness, the PV curve of the lung would be truncated but compliance measured over the tidal range should be close to normal. Consequently there exists in these patients a parenchymal involvement that must contribute to the loss of lung volume. That the change in lung distensibility is an important determinant of the degree of lung volume restriction is suggested by the finding tha.t there was a clear relationship between TLC and the compliance at FRC (fig 7) , as well as between VC and compliance (r=079; p<0-001). A close relationship between compliance and TLC has already been reported 
The present observations of markedly decreased lung compliance and increased lung recoil pressure in patien,ts with respiratory muscle weakness are consistent with those of Gibson et al.2 These workers pointed out that these changes were similar to those seen in normal subjects in whom expansion is prevented by strapping of the chest wall.'7 18 Because of this similarity and although they felt atelectasis was the most likely explanation, they discussed the possibility that some alterations in the surface properties of the alveolar lining layer, related to the low volume breathing, was responsible for these changes. This possibility is not supported by the observation that the mean PV curve in our patients was quite parallel to the predicted normal when lung volume was related to the measured TLC. The value of relating volume to the measured rather than predicted TLC has been recently discussed by Gibson and Pride'9 in their study of patients with severe fibrosing alveolitis. They reasoned that in these lungs, the loss of gas-containing alveoli was responsible for most of the changes in the PV curve, and suggested that expressing volume as a percentage of measured TLC would reflect the elastic properties of the surviving ventilated alveoli. This view has been supported by recent measurements obtained in dog lungs wi,th diffuse granulomatous disease.20 Therefore the present observation that the slope of the PV curve (AV/AP) was normal when lung volume was related to the measured TLC would suggest that, in patients with longstanding respiratory muscle weakness, the largest number of functioning alveoli retain normal elastic properties. Results of recent studies in this laboratory on normal volunteers during submaximal neuromuscular blockade are also compatible with the concept that weakness of the respiratory muscles, despite the associated low volume breathing, is not associated with alterations in surface forces and does not directly influence the elastic properties of the lung. '2 The theoretical considerations discussed above between the degree of muscle weakness and the degree of lung volume restriction were based on the assumption that the PV relationship of the relaxed chest wall was normal in patients with respiratory muscle dysfunction. However, analysis of lung pressure-volume data obtained in the region of resting ventilation suggests that the elastic behaviour of the chest wall is altered in these patients. Indeed the FRC was decreased in most cases. Inasmuch as FRC is determined by the balance between lung and chest wall forces, the observed fall in FRC could have resulted from the increase in the inward pull of the lung, or from a decrease in the tendency of the chest wall to recoil outward, or from a combination of the two. The first possibility is unlikely. Figure 8 illustrates the theoretical relationship between FRC and transpulmonary pressure at FRC when the PV characteristic of the chest wall remains unchanged (solid curve): when an increase in lung recoil pressure is the only cause of a decreased FRC, the Pst (1) at FRC must increase. By contrast, in most of our patients, the decrease in FRC was assoiciated with a decrease, not an increase, in Pst (1) at FRC (fig 8) . This is strong evidence that the fall in FRC in these patients is caused primarily by a decrease in the (outward) pull of the chest wall. This observation is consistent with other studies that demonstrated that the ability of the chest wall to recoil outwards decreased in normal volunteers when acute weakness of the respiratory muscles was produced by partial curarisation.12 Moreover, in our patients, a close relationship existed between the inspiratory muscle force and the decrease of both FRC and Pst (1) at FRC (fig 2) , fu-rther suggesting that the reduction of the chest wall force is 'a, Analysis of lung volume restriction in patients with respiratory muscle weakness related to the degree of involvement of the inspiratory muscles. Such a decrease in the outward pull of the chest wall would contribute to the disproportionate loss of lung volume observed in our patients.
The finding of a normal RV in our patien,ts despite a severe muscle weakness may be explained by at least two factors. Firstly, some patients had radiologically visible atelectasis and, as discussed above, it is likely that atelectasis of a more focal nature, undetectable by chest radiographs, was present in the other cases. Secondly, preservation of RV in the face of decreased expiratory muscle strength may be explained if one considers the determinants of RV. It is well established that the recoil force of the chest wall has a major determining effect on RV in younger healthy people.21 Accordingly, the lack of increase in RV in our patients might be caused by the fact that the decreased expiratory muscle force is counterbalanced by a lesser resistance of the chest wall during expiration.
From these data it would appear that characteristic alterations in lung volumes and respiratory mechanics develop in patients with respiratory muscle weakness. These alterations include reduction in vital capacity, decreased functional residual capacity, normal residual volume, and decreased lung compliance with low lung recoil at resting lung volume. Moreover, it is quite clear from these studies that the change in vital capacity in these patients reflects both direct (loss of distending pressure) and secondary (changes in the passive characteristics of the lungs and chest wall) effects of respiratory muscle weakness on pulmonary function. Measurements of maximal static pressures, in contrast, explore only a limited part of these effects. We conclude, therefore, in disagreement with Braun and Rochester,'0 that vital capacity, in addition to being the easiest measurement, is the most useful one to perform in these patients to follow evolution of the disease process or response to treatment.
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